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S-(2-diisopropylaminoethylJ o-ethyl met.hylphosphonothioate (VXJ, an anticholinesterase 
liquid of low volatility, was applied to the skin of 139 men a t environmental temperatures of 
- 18°, 2°, 18°, or 46°C. The skin was decontaminated after 3 hr and the men spent the next 21 
hr at about 27°C. The amount of VX penetrating the skin was estimated from the inhibition 
of red blood cell cholinesterase . The decimal fraction of the dose that penetrated in 3 hr 
ranged from 0.04 at - 18°C to 0.32 at 46°C for the cheek and from 0.004 at + 18oC to 0.029 a t 
46°C for the forearm. Further increase in cholinesterase inhibition after decontamination 
was evidence of a deposit of VX in the sk in. The amount of VX remaining in the sk in after 
decontamination was greater in the forearm and less in the cheek a t higher temperatures. 
Heat and hydra tion generally favor penetra tion 
of the skin by materials applied to the surface. 
Most of the quantitative informabon comes from 
the study of excised skin 11-5]. Measurements in 
man at controlled temperatures ha ve been made 
with only a few compounds 16, ot J. For this reason it 
is difficult to predict how much a cha nge in envi-
ronmental temperature will alter the permeability 
of the skin to a given compound , such as VX (S-(2-
diisopropylaminoethyl) o-ethyl methylphosphono-
thioa te), an anticholinesterase liquid of low vola-
tility. Because of the percutaneous toxicity of VX. 
it seemed important to determine the effect of 
environmental temperature on its ability to pene-
trate the sk in. t 
After appl ication to the s kin. some compounds 
accumulate to form a depot in the stra tum cor-
neum 17,8]. Movement out of the depot is promoted 
by cover ing the skin, an elfect attributed to local 
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with radioact.ive sulfur . Divis ion 9 of t.he Nat ional De-
fense Research Committee of the Office of Scientific 
Research and Development. OSRD 3620, May 9, 1944 . 
t The data were derived from two internal reports: 
U.S. Army Edgewood Arsena l Chemical Research 
a nd Development Laboratories Technical Report 
CRDLR 3256, Effect of Environmenta l Temperature on 
the Penetration of VX Appl ied to t he Cheek , by EG 
Cummings, a nd FN Craig, Februa ry 1965. Edgewood 
Arsena l. Ma ryland. 
Edgewood Arsenal Technical Report EATR 4064. 
Penetration of VX Appl ied to the Forearm at Environ-
menta l Te mperatures of 65• and ll5°F . by FN Crai~. 
EG Cummings. LA Mounter , BR Tha rp, and FJ Vocct, 
January 1967. Edgewood Arsena l, Maryland. 
increases in hydra tion and temperature 17,9]. Re-
peated delayed absorpt ion of pa rathion from the 
s kin during the heat of the day 1101 may be ex-
pla ined in the same way. ln the experiments to be 
described, the men were observed for some time 
after the VX remaining on the surface had been 
removed by decontamination, to determine 
whether VX had accumulated in t he skin. 
The cheek and the volar surface of the forearm 
were chosen for study because they represent 
areas of high and intermediate permeability to 
VX:j: and to certain pesticides I ll]. 
MATERL<\LS AN D M ETHODS 
The subjects were U.S . army enlisted men. The tests 
were governed by t he principles. policie , and r ules for 
medical volunteers established in Army Regula tion 70-
25, Use of Volunteers as Subjects of Research , 26 March 
1962. a nd the Declaration of Helsinki. Informed consent 
wa obtained after the na ture and r isks of the proce-
dures had been fully explained . 
The VX was of production quality with puri ty ra ng-
ing from 91 to 96'k. For each day's work , powdered 
hi ltamine ar ctic white (4-methyl-7-dimethylcoumarinl 
was added to freshly dra wn VX in the proportion of 1 
part of hiltamine to 99 pa rts of VX by weight. The 
mixture was delivered wi th a calibrated Agla syringe 
and a blunt 27-ga uge needle just touching the skin. The 
unused contents were saved for assay. As t he drop 
spread over t he skin the area was made visible by the 
fluorescence of t he hiltamine under ultraviolet light. 
The men , usually in groups of 3, entered Lhe climatic 
cha mber at least 30 min before application of the VX 
a nd remained in a supine position. At 46"C they wore 
underwear shorts, but at lower tempera tures additional 
clothing was worn for comfort. The drop of VX on the 
skin remained uncovered. The site of a ppl ication was 
selected a fter exa mination with a low-power magnify-
ing glass to avoid irregula rit ies such as cuts, scratches. 
~ U.S. Army Chemical Research a nd DevelopmenL 
Laboratories Technical Report CRLDR 3122. Variabil-
ity of Different Intact Human-Skin Sites to the Pene-
tration of VX, by VM Sim, February 1962. Edgewood 
Arsenal , Maryla nd. 
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TABLE I. Penetration ol VX during 3 hours al indicated temperature before decontamination and subsequently at 
27"C" 
Room Dose Penetration fraction and standard error of mean No. of Time of PM temp. men range PJ P3 PM PM-P3 (hrl ("Cl ( p.g/kgJ (%) (%) ('.If.) ('.If.) 
Cheek 
46 12 3-4 9.8 ± 2.5 31:9 ± 3.2 34.8 ± 2.8 2.9 ± 0.7 5.6 ± 0.9 
18 12 4-8 3.4 ± 1.1 15.1 ± 1.6 19.7 ± 1.3 4.6 ± 1.0 8.5 ± 2.0 
2 12 8 1.3 ± 0.4 7.3 ± 1.5 15.8 ± 1.4 8.5 ± 1.3 10.4 ± 1. 7 
-18 12 8 0.4 ± 0.5 3.5 ± 0.9 15.5 ± 1.3 12.0 ± 1.1 12.2 ± 1.8 
Forearm 
46 46 2-25 0. 70 ± 0.34 2.98 ± 0.63 5.75 ± 0.51 2.77 ± 0.51 16.2 ± 0.8 
18 24 10- 50 0.00 ± 0.10 0.38 ± 0.12 2.00 ± 0.25 1.62 ± 0.20 16.1 ± 1.1 
lSI' 21 15-30 0.15 ± 0.13 0.60 ± 0.19 4.14 ± 0.47 16.8 ± 1.3 
" Pis the penetration fraction calculated as 0.02 times the inhibition in percent divided by the dose in JA.g/kg. P1 , 
P3, and PM are the fractions at 1 and 3 hr and at, the time of greatest inhibition . The factor 0.02 JA.g/kg percent 
inhibition was derived from the data in Table ll. 
1
' In this series the men remained at 18•c for 6 hr and were not decontaminated. 
abrasions, pimples, and freckles. After 3 hr , decontami-
nation was performed by rubbing the skin lightly with 
a gauze pad wet with 5.25% sodium hypochlorite (Cio-
rox), an oxidizing agent. After 5 min the men took a 
shower-bath to complete the decontamination. The men 
returned to the volunteer faci lity , maintained at tem-
peratures from 24° to 3o·c. for observation for the re-
mainder of the 24 hr. Table I lists the experimental 
conditions. At 46"C the relative humidity was 15~ and 
the vapor pressure of water was 11 mm Hg. At 1s•c the 
relative humidity was 52%- and the vapor pressure of 
water was 8 mm Hg. The uncontrolled air movement 
approximated 0.1 m/sec. 
Penetration ofVX was estimated from changes in red 
blood cell cholinesterase activity <ChE l in 8-ml samples 
ofblood drawn from the antecubitaJ ve in with heparin 
as anticoagulant before and at 1, 2. 3. 6, 9, 12, and 24 hr 
after the application of VX. ChE was analyzed by t he 
method of Hestrin 112). 
At the discretion of the attending physician the ex-
periment was ended and the subject treated by intrave-
nous injection of pyridine-2-aldoxime methiodide (2-
PAM> and an intramuscular injection of atropine s ul-
fate. The decision was based in some cases on clinical 
impression and in others on ChE inhibition. In the 
cheek group 21 of 48 and in the forearm group 14 of 92 
required treatment. 
Three men were exposed to the four environmental 
conditions in the same manner as t he men given VX. 
Skin temperature was measured by 22-gauge copper-
constantan thermocouples and blood flow in the skin 
was estimated by t,he photoelectric technique of Hertz-
man eta] [13] as modified by Cummings 16]. The index 
of blood flow is the fraction that t he photoelectric pulse 
forms of the total t r ansmission, the latter measured by 
the difle rence in output of the photocell with the light 
on and off. 
An estimate of the amount of VX penetrating into 
the blood stream was obtained by the infusion of a total 
dose of 1 JA-g/kg at a constant rate over a period of 4 hr in 
4 men. The resul ts which have been reported earlier~ 
a re shown in Table n. Bv div iding the dose by the 
~U.S. Army Chemical Research and Development 
Laboratories Technical Report CRDLR 3017, Intrave-
nous Adminis tration ofVX in Man, by KK Kimura. BP 
McNamara, and VM Sim , July 1960, Edgewood Arse-
nal , Maryland. 
percentage of inhibition at 4 hr one obtains a fact or of 
1.00/53 = 0.019 which was rounded off to 0.02 in the 
report on different skin sites+ and retained here for 
comparability. 
Ideally one would determine the factor by intrave-
nous infusion in each subject in the skin study as was 
done in the work on rabbits by Griesemer eta! 114], but 
t his was impractical because of the ri sk and the time, at 
least 2 or 3 weeks, required for recovery of RBC ChE to 
the preinjection value. The differences among individ-
uals in response to intravenous injection are small com-
pared with those encountered in response to appl ication 
to the skin. 
From Table n one can see that in this range, up to l 
JA.g/kg , t he inhibition is roughly proportional to the 
dose, and that the inh ibition proceeded no further when 
the infusion was ended. Within 8 hr after the end of the 
infusion there was some recovery ofChE activity which 
is attributed to recirculation of blood , formation of new 
red cells , a nd reversal of the enzy me-VX complex. 1n 
the first few hours after application to the skin the 
inhibition is considered to be of the irreversible type. 
RESULTS 
VX had no obvious local effect on the sk in. The 
skin was dry in appearance at l8' C and below and 
wet with unevaporated sweat at 46°C. The hiltam-
ine disappeared within 3 hr at 46oC but remained 
clearly visible under ultrav.iolet light at 18"C and 
below. The maximum area of the drop was propor-
tional to the dose and was not greatly affected by 
temperature or location on the skin; the area was 
approximately 6 em~ per mg. 
The time course of ChE activity after applica-
tion of VX to the skin is shown in Figure 1 for 
individuals under different conditions of dose and 
environmental temperature. For the cheek at 
46"C, the activity decreased rapidly in the 3 hr 
before decontamination and reached the minimum 
observed value at 6 hr. For the cheek at - l8°C and 
twice the dose, the greater part of the inhibition 
came in the 3 hr after decontamination and re-
moval of the subject from the cold room. For the 
forearm the effect at 46°C and a dose of 15 p,g/kg 
was greater than at l8°C and a dose of 40 p,g/kg; a 
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TABI..E ll. R ed blood cell cholinesterase activity during and after intravenous infusion of VX in 4 men 
Time AccumulaLed dose Activity" as percent of preinfusion Average inhibi- Dose to produce l % in-
( hr) (~/kg) tion hibition 2 3 4 ( %) (~/kg) 
0 0 100 100 100 100 0 
1 0.25 92 90 80 90 12 0.021 
2 0.50 78 60 67 67 32 0.016 
3 0.75 71 57 63 58 38 0.020 
4 1.00 56 42 35 54 53 0.019 
6 1.00 52 50 48 53 49 
12 1.00 60 54 62 63 40 
" Data of Kimura et al§ read from graph, Figure 4, in repor t cited . 
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Ftc. 1. Red blood cell cholinesterase activity as per-
cent of control at in tervals in hours after application of 
VX to t he sk in, in 4 individua ls. The doses were 4 ~-tg/kg 
at 46°C and 8 ~-tg/kg at - 18°C for the cheek, and 15 ~-tg/ 
kg at 46°C and 40 ~-tg/kg at + l 8°C for the forearm. 
substantial part of the inhibi t ion came after de-
contaminat ion and the time course after decon-
tamination was similar; the environmental tem-
perature was the same after decontamination. 
At 46" and l8°C the dose given to successive 
groups of men was increased until ChE activity 
was depressed significantly. Individual results are 
plotted in Figure 2. For the forearm the plotted 
regression lines of inhibition on dose had slopes 
significantly di£Terent from zero but not fr om each 
other; the standard errors wer e 39~ of the slopes. 
The eiTect on the forearm was so small at 18°C as 
to discourage going to lower temperatures because 
of the risk associated with larger doses. For the 
forearm at 2°C and - 18°C the inhibi tion for a 
single dose of 8 f.lg/kg in 12 men averaged 29.2 ::t 
5.8 and 11.1 ::t 3.6~ , respectively. 
The variability from one individual to another 
at the same dose at 3 hr is seen in Figure 2. For the 
forearm at a dose of 10 f.l-g/kg the inhibition ranged 
from zero to lOOo/c. The latter individual was de-
contaminated and treated at 2 hr after application 
of VX, whereas 2 individuals given the same dose 
out of the same syringe had inhibitions of 6 and 
27% at 3 hr. For the cheek at a dose of 8 fL.g/kg , one 
individual had 100% inhibition at 2 a nd 3 hr but he 
was treated after 3 hr and regained a n activity of 
78% of normal within 45 min. 
Enough individuals were tested to show that the 
effect was roughly proportiona l to the dose; resu lts 
for different doses were pooled in Table I in terms 
of the fraction of the dose that penetrated, at 1 hr 
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FIG . 2. inhibition of red blood cell cholinesterase 
activity at 3 hr after a pplication of VX at the indicated 
dose in ~-tg/kg to the cheek or forearm at + 1s•c or 46•c. 
For the cheek, the diagonal lines connect means for 
each dose; for the forearm, they represent regressions of 
inhibit ion on dose calcula ted by the method of least 
squares. 
(Pl ), at the time of decontamination at 3 hr (P3}, 
and at the time of maximum inhibition (PM). PM 
was observed at an average time of from 5 to 16 br 
after application of VX. In the cheek the propor-
tion of the inhibition that came before decontami-
nation increased with temperature. In the forearm 
most of the inhibition came after decontamina-
tion. 
The existence of active VX on the skin and the 
effectiveness of decontamination were tested by 
omitting the procedure in a series of 21 men with 
results for forearm at l 8°C shown in the last line of 
Table I. As a result of this omission PM doubled; 
the difference was significant at t he O.OOllevel of 
probability. The column headed PM-P3 was in-
ser ted to estimate how much VX remained in the 
skin out of reach of the decontaminant. This quan-
tity increased in the forearm but decreased in the 
cheek upon raising the temperature from 18° to 
4SOC. 
Table III lists the skin temperature and blood 
flow index in untreated controls to show approxi-
mately t he conditions to be expected at the loca-
tions of application of VX. 
DISCUSSION 
The penetration fractions for substances applied 
to intact human skin available for comparison 
with the present results for VX are as follows. The 
fractions excreted in the urine of subjects with 
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TABLE Ill. Average skin temperature and blood {lou· 
index at site of application o(VX in 3 men not given VX 
Room Skin temperature Blood flow index 
temp. Mean SE" Mean SE" <•Cl n 1°Cl n (ql 
Cheell 
46 6 37.2 = 0.16 6 1.705 = 0.275 
18 6 31.7 = 0.27 6 0.392 = 0.124 
2 6 27.0 ::: 0.61 5 0.095 = 0.009 
- 1 6 23.4 ::: 0.45 3 0.041 = 0.01 I 
Forearm 
46 6 36.7 = 0.13 6 0.462 = 0.077 
18 6 30.5 = 0.19 6 0.074 = 0.015 
" Standard error of the mean 
parathion applied to the skin were 369C for fore-
head and 99C for forearm. both presumably at room 
temperature I ll]. Comparable PM values for VX 
at 18~C are 20 for cheek and 2 for forearm. The 
fraction of mustard <dichloroethylsulfidel pre-
pared with radioactive sulfur that penetrated into 
the skin of the abdomen at 1 C we estimate from 
a plot of the original data at various temperatures 
to be about 14o/c."' This would be comparable with 
the Pl value for VX on the forearm of zero. Com-
parison among these areas may be facilitated by 
noting that when VX was applied to the skin of the 
cheek. forehead. abdomen, and \'Olar surface of the 
forearm the do e to produce a 70% depression of 
ChE was estimated to be 5.1, 11.2, 31. . and 40.0 
p.g/kg, respectively.+ 
The difference in permeability between forearm 
and cheek is not understood, although there are 
large differences in blood flow between them. and 
if the cheek resembles the forehead. which is also 
highly permeable. the stratum corneum may be 
less frrmly constructed in the cheek than in the 
tightly organized stratum corneum of the forearm 
115]. 
With respect to the effect of en,·ironmental tem-
perature. data comparable with the VX data have 
been obtained with mustard (dichloroelhylsulfidel 
prepared with radioactive sulfur.* Penetration 
was measured in terms of the difference in activity 
of a cup containing mustard before and after appli-
cation of the cup to the abdomen for 1 hr. An 
increase in environmental temperature from 10 to 
39°C produced a 3-fold increase in the amount 
leaving the cup; the penetration fraction increased 
from 8.3 to 27.59C. About 12%- of the mustard lea\'-
ing the cup was fixed in the sk in but the amount of 
free mustard available for passage into the blood 
was negligible at any temperature at the end of 
the exposure when the skin was excised for analy-
sis. The penetration of N -octylamine into the skin 
of the forearm has been measured at 2' and 35'C 
by noting the time required to produce an increase 
in local blood flow 16]. For this temperature inter-
val the time was reduced from 20 to 2 min, a 10-
fold effect. These results can be related to the 
results for VX by noting the time required to 
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produce the same penetration fraction at different 
temperatures. As shown in Table 1. for the fore-
arm. approximately 0.4-0.6%- of the dose pene-
trated in 3 hr at l8' C and 0.79C penetrated in 1 hr 
at 46 C. Also in the cheek 3.59C penetrated in 3 hr 
at - 1 ·c and 3.4/k penetrated m 1 hr at -1 C. 
The increases in penetration with temperature 
are not pure diffusion effects of the sort reported 
~or isolated epidermal membranes 12,3]. Changes 
m temperature alter the rate of diffusion. the state 
of hydration of the stratum corneum. and the 
blood Oow under it. and it is difficult to estimaLe 
the relative importance of these three factor on 
permeability. The changes in P3 moved somewhat 
in parallel with skin temperature and blood now. 
the former presumably acting directly on the stra-
tum corneum and the latter active indirectlv by 
washing out the VX that has penetrated the ·bar-
ri_er and thus maintaming a concentration gra-
dient. There was a discontinuity m the changes in 
PM with temperature in the cheek that could be 
attributed to an efTect of hydration on the mo,·e-
ment of \.X away from the surface into the stra-
tum corneum. PM was the same at - 1 and 2 C 
where hydration would be at a minimum because 
of the dryness of cold air. PM increased slightly at 
18 C and much more at 46 C when the skin was 
wet with sweat and would be fully hydrated. 
The amount of \.X remainmg in the skin at the 
time ofdecontammation IPM-P31 increased in the 
forearm and decrea ed in the cheek with lncreas-
mg temperature. For the cheek a t -!6 C. penetra-
tiOn was too fast to permit accumulation of \'X in 
the depot : perhaps repeated application of \.X to 
the same spot would be required. 
The storage of toxic materiaL 1 n the skm reprt:-
sents a problem for the person whose skin becomes 
contaminated in the cold. for entering a warm 
shelter will promote rapid absorption. On the 
other hand. for the person whose skm becomes 
contaminated under hot condition . It rna\' be ben-
eficial , after decontamination has bee~ accom-
plished. to cool the skin to delay absorption until 
treatment can be instituted. Such a procedure was 
useless in the case of mustard where there was no 
reservoir.•' 
The authors are indebted to the \'Oiunteers for t heir 
coop_eration; to C. V. Lisle and R. K. Biskup formam· 
tammg the supply of VX and for its frequent bioassa v; 
to S. Sass for chemical assay of VX: to W. A. GrofT for 
cholinesterase determinations on the blood samples: to 
B. E. Levme, B. R. Tharp. and other medical officers for 
selection and treatment of the volunteers; to v.r . \'. 
Blevins for design and construction of the photoelectnc 
plethysmograph; and to C. R. Bulette. H. L. Froehlich, 
and J . Rauchenburger for assistance. 
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